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Program Batteries
Lecture 1: History, Applications, basic Electrochemistry and thermodynamics 
Feb 27 of batteries: Redox reactions, Gibbs free energy, chemical potential, 

Nernst.  

Lecture 2: Solid state electrode reaction mechanisms, phase diagrams, phase rule, 
March 6 Gibbs Free energy, voltage profiles, capacities and energy densities.  

Li-ion batteries

Lecture 3: Continue topics Lecture 2.
March 13 Electrolyte stability: Pourbaix diagram, band structure solids, Cycle life.

Lecture 4: Kinetics, Buttler-Volmer, diffusion, solid state diffusion
March 20 Discussion on Science paper 6 seconds discharge.

Lecture 5: Super capacitors
March 27 Future systems: Li-air, Li-sulphur

Flow-cells
Costs and Performance comparison batteries/systems
Material Abundance
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Electrolyte-electrode stability diagram
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Example SEI Formation: Graphite
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Demands Li-ion Electrolyte

• Good (Li+) ionic conductor
• Electronic Isolator 
• Stability window 5 V (depends on sys.)
• Stable up to ~ 70 degree celcius
• Cheap
• Non toxic

Mostly applied: Non aqueous solvents: 

Ethylene Carbonate (EC), Dimethyl Carbonate (DMC) 

Good ionic conduction, stability ~ 0.8-4.5 V (vs Li/Li+)

Medium toxic, flammable, unstable etc -> Casing battery should be very good (=expensive)

-F(A-E)=-FA

- +
Anode Cathode

Li
Li

Li
Li
Li

Li+

Li+

Li+

I
e- e-

e-

Li salts: LiClO4 or LiPF6: Toxic and expensive
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Li-ion batteries, ionic liquids

Ionic liquid: salt in the liquid state: electronic isolator
good ionic conductor
thermal stability
non-flammable
chemically stable (large stability window)
cheap?

safe
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Solid electrolytes:

Less difficulty/cost associated with long term 
encapsulating liquid electrolytes (that may start 
leaking), freedom design of batteries, high temp.

Example: polymer electrolytes like polyethyleneoxide

Because polymers can have intrinsic mobility of 
the polymer chains, a dissolved Li salt can also 
move through it. However, solid electrolytes 
show much lower Li+ conductivities (low power 
density)

Li-ion batteries, solid electrolytes

Poor ionic mobility, PEO LiI

Application limited to large systems that can be 
maintained at high temperatures
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Li-ion batteries, electrolytes
Other strategy:

Adding nano-particles increases the 
Conductivity in PEO-LiClO4
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Space charges
Two ion conductors and poor electronic isolators:

A > B

Li+Li+

Li+Li+

Li+Li+

Li+Li+

Li+Li+

Li+Li+

Li+Li+

Li+Li+

Li+Li+

Li+
Li+

Li+Li+
Li+

Li+

A = B
   A B

A B

A A B B

A B

F
F F

 
 

   
 


  

  


F(A-B)=-(A - B)



F x

Creates vacancies in A!

Is called “Space Charge”
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For diffusion you need vacancies
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Li-ion batteries, electrolytes

Li+

Li+

Li+

Li+
Li+

Li+

I-

I-

I-
I-I-

I-

I-

I-

Li+

Li+

Li+I-

I-

Li+

Li+

Li+I-

I-

Li+

Li+I-

I-

“Space charge” due to difference in chemical potential

Creates vacancies that enhance the mobility

TiO2
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Home assignments

Read Chapters 3.1-3.3 Electrochemistry

Read Paper Ceder et al. Science

x1 x2
Composition x

g2

g1
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a) Sketch the voltage profile resulting from the 
Gibbs Free energy diagram 

b) In which direction with this reaction proceed
c) Calculate the voltage of the voltage 

plateau(‘s) if any.
d) Sketch a phase diagram that could represent 

this Gibbs Free energy diagram

Exercise: g(x) is the Gibbs Free energy of the cathode during 
discharge, assume the potential of the anode to be 0 
and constant
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Home assignment

a) Sketch the voltage profile resulting from the Gibbs 
Free energy diagram 

b) Which direction will this reaction proceed?
c) Calculate the voltage of the voltage plateau(‘s) if any.
d) Sketch a phase diagram that could represent this 

Gibbs Free energy diagram

g(x) is the Gibbs Free energy of the cathode during 
discharge, assume the potential of the anode to be 0 
and constant
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a)

b) In the direction of decreasing Gibbs Free energy: right 



1,2 2 1
common-tangent 12

2 1

2 1
12 1 2

2 1

12 1 2
12 1 2

23 2 3
23 2 3

( )

constant (x <x<x )
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Home assignment
c)

x1 x2
Composition x

g2

g1

G
ib

bs
 fr

ee
 e

ne
rg

y 
g(

x)
 J/

m
ol

x3

g3





d)

20 March 2013 14



Kinetics in batteries
Charge transport
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Charge transport, kinetics

(1) (3)

(2)

(1) ionic conduction A+

(2) Charge transport over the electrolyte-electrode interface
(3) ionic conduction A or B 
(4) electronic conduction
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(4)



Question kinetics 1

If the charge transport kinetics is improved:
a) The power density will improve
b) The energy density will improve
c) Both power and energy density will improve
d) No clue
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[ / ]   [C/g V]Cell
Cell

xzFEnergyDensity J g capacity
M
    



Question Energy Density

26 Why do you think batteries have in practice 
relatively thin electrodes?
a) Difficult to make
b) Long (dis)charge times
c) Shorter cycle life
d) No clue

~300 μm

2

L Dt
Lt
D









L: diffusion length:
D: diffusion coefficient
t: diffusion time

Electrode 6 times thicker => takes 36 times longer to charge
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Question kinetics 2
Up till now we assumed no current was 
running, resulting in the open cell potential 
(Equilibrium Thermodynamics). 

What is the consequence of the internal 
resistance during discharge on VB-VA (the 
measured voltage over the battery)? 
a) VB-VA increases
b) VB-VA decreases
c) VB-VA remains constant
d) No clue

- +

+

-

I
R

ri

VA VB

discharging

- +

+
-

I

ri

VA VB

charging

ECell

ECell

, 0:    Battery B A CellR I V V V E     
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Internal resistance

- +

+

-

I

Up till now we assumed no current was 
running, what is the consequence of 
that?R

ri

VA VB

B A Battery Cell i

Battery Cell

V V V E Ir

V E

   



discharging

- +

+
-

I

ri

VA VB

charging

B A Battery Cell i

Battery Cell

V V V E Ir

V E

   



iIr 

Definition overpotential or polarization:
(deviation from equilibrium)

, 0:    Battery CellR I V E   

Charging: 

Discharging: 

Equilibrium: 

ECell

ECell
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porous
barrier

Zn2+

Zn2+

e-

e-

e-
NO3

-

NO3
-

NO3
-

NO3
-

A E E C

EC= C - C =Cu/Cu2+

+

Non-equilibrium electrochemistry

EA= E - A =-Zn/Zn2+

e- Zn2+e- NO3
-

NO3
-

Equilibrium:

A E E CNon-Equilibrium:

Discharge CellC A     
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Also capacity (energy density) and therefore the efficiency depend on the (dis)charge rate! 

Consequence of internal resistance: cell voltage will depend on current

Change in equilibrium potential

charging

discharging

Discharge

Charge

( )       : Capacity (Coulomb)

( )

( )

Energy E Q dQ Q

E Q dQ
Efficiency

E Q dQ









Effect called: Polarization 

Galvanic cell (discharge): Discharge< Cell

Electrolytic (charge) : Charge> Cell





Change in equilibrium potential

ECel
l

[V]

Charge

discharge

0
Capacity [Coulomb]

equilibrium

Discharge

Charge

( )       : Capacity (Coulomb)

( )

( )

Energy E Q dQ Q

E Q dQ
Efficiency

E Q dQ
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Different sources for the 
overpotential/internal resistance

(1) (3)

(4)(2)

1 2 3 4 , 1 2 3 4        Total i Totalr r r r r           
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(1) ionic conduction A+ through the electrolyte
(2) Charge transport over the electrolyte-electrode interface
(3) solid state ionic conduction A or B 
(4) electronic conduction



Ionic diffusion through the electrolyte

I

Example: Reduction: Cu2+ + 2e- -> Cu(s) (cathodic)

e-

NO3
-

NO3
-

NO3
-

NO3
-

NO3
-

NO3
-

e-

e-

H2O

H2O

H2O

H2O

resistanceCu2+

NO3
-

H2O

Cu2+

NO3
-

H2O

1: resistance due to finite 
conductivity electron/ion in 
the electrode/electrolyte

Diffusion of Cu2+ will be hindered by attracted 
molecules increasing its effective radius and 
thereby increasing its resistance.

Ohmic behaviour: 1 =Iri,1

hydration sphere
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Mass transport through diffusion (related to overpotential 1)

O + ze- -> R

Flux O

Flux R

Ionic diffusion through the electrolyte:

Fick 1st law Flux (mol/s):

I/nF

Remember:  =  + RT lnc -> concentration gradient -> mass flow

Ionic diffusion through the electrolyte

Red
Red

Ox
Ox

dcJ D
dx

dcI D
zF dx

dcI D
zF dx
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Distance to electrode: x dx

Fick 1st law:Time dependent mass transport (derive Fick 2nd law)

Change in time dt of ci(x) equals the difference in Flux in and out:

: Fick 2nd law
2

2

( ) ( ) ( ) ( )i i i idc x dc x dc x dx d c xD D
dt dx dx dx

      

Ionic diffusion through the electrolyte
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Flux in
( )idc xD

dx


Flux out
( )idc x dxD
dx




( )Flux = idc xD
dx





To be able to calculate the current, I, that the electrolyte can pass:

(1) We need c(x): solution of differential equation, depends on conditions 
(2) We need D: Measured property (how to measure?)

2

2

( )

( ) ( )

i

i i

dc xI zFD
dx

dc x d c xD
dt dx

 



Ionic diffusion through the electrolyte
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O + ne- → R (reduction)
O + ne- <- R (oxidation)
(Cu2+ + 2e- <-> Cu)

Experiment: t=0 App = eq

t>0 App < eq

Starting concentration O: cO
inf

Questions: (1) How does the current look as a function of time?
(2) How to determine the diffusion coefficient

Ionic diffusion through the electrolyte
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cO

x

cO


Cu2+

I/nF

+



20 March 2013 30

Cu2+

I/nF

+

2

0 ln Cu
eq

Cu

cRT
zF c

 


 
    

 

Question kinetics 3

Suppose we impose               what will 
happen?
a) netto reduction
b) netto oxidation
c) nothing
d) no clueeq

App

App Eq 

Cu2+ + 2e- -> Cu (reduction)
Cu2+ + 2e- <- Cu (oxidation)

2

2

0

2

ln

Cu  is converted to Cu

netto reduction (cathodic current)

Cu
App eq

Cu

Cu Cu

cRT
zF c

c c

  





 
     

 
 





O + ne- -> R (reduction)

Experiment: t=0 App = eq

t>0 App < eq

Starting concentration O: cO
inf

Question: (1) How does the current look as a function of time?

Ionic diffusion through the electrolyte
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cO

x

cO


Cu2+

I/nF

+

2

2

( ) ( )Solve  ( ) from:    i idc x d c xc x D
dt dx


( )idc xI zFD

dx
 



O + ne- -> R (reduction)

Experiment: t=0 App = eq

t>0 App < eq

Starting concentration O: cO


 Boundary/initial conditions for

Initial condition t=0:  

Boundary condition

cO

x

cO


Charge transfer is not rate
limiting

Ionic diffusion through the electrolyte
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2

2

( ) ( )i idc x d c xD
dt dx



( 0, )O Oc t x c 

0   ( , 0) 0

   ( , )
O

O O

x c t x

x c t x c

  

    



Solutions of usually have the form of an error function

It appears (can be derived via Laplace):

0 10 20 30 40 50

0.0

0.2

0.4

0.6

0.8

1.0

Oxidant concentration after potential step
cO(t=0) = 1 mol/l

 t=0.0 s
 t=0.1 s
 t=0.5 s
 t=1.0 s
 t=2.0 s
 t=6.0 s

c O
 [m

ol
/l]

distance perpendicular electrode interface (m)

0 0( , ) ( )
4
xc t x c erf
Dt



2
1/ 2

0

2( ) exp( )
x

erf x t dt


 

Ionic diffusion through the electrolyte
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4Dt

2

2

( ) ( )i idc x d c xD
dt dx





Measurement of current after potential 
step leads to diffusion coefficient!

2
1/ 2

0

2
1/ 2

2( ) exp( )

( ) 2 exp( )

x

erf x t dt

derf x x
dx





 

 


0

2

( , )

exp
4

( 0)

O
O

x

O
O

OO

O
O

dc t xI D
zF dx

c xI zFD
D tD t

DI x zFc
t











     

 
   

 

  

Ionic diffusion through the electrolyte
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0 10 20 30 40 50
0.0000

0.0001

0.0002
Current density after potential step
cO=1 mol/l

 D=1.0 10-6 cm2/s
 D=2.0 10-6 cm2/s
 D=0.5 10-6 cm2/s

C
ur
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nt

 d
en
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ty

 I 
(A

/c
m

2 )

time [s]

The current as a function of time
after the potential step App < eq
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Ionic diffusion through the electrolyte

0

( , )O
O

x

dc t xI D
zF dx 

     

Higher concentrations -> larger gradients -> higher currents?

Dependence D on Temperature 
and concentration LiPF6 salt:



Different sources for the 
overpotential/internal resistance

(1) (3)

(4)(2)

1 2 3 4 , 1 2 3 4        Total i Totalr r r r r           
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(1) ionic conduction A+ through the electrolyte
(2) Charge transport over the electrolyte-electrode interface
(3) solid state ionic conduction A or B 
(4) electronic conduction



What do we want?
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charging

discharging



Predict current given the overpotential: I()
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I

e-

+

+

+

NO3
-

NO3
-

NO3
-

NO3
-

+

+

e-

e-

NO3
-

NO3
-

Kinetic electrochemistry, charge transfer

NO3
-

H2O

Zn2+

Step 1: enter the electrical double layer 
and loose hydration sphere

Step 2: electron transfer 

Example: Reduction: Zn2+ + 2e- -> Zn(s) (cathodic)

Electrochemical double layer
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I

Cu2+

LUMO

e-

e-e-

EFermi

Step 1: enter the electrical double layer and 
loose hydration sphere 

Step 2: electron transfer 

e-e-e-

Example: Reduction: Zn2+ + 2e- -> Zn(s) (cathodic)

LUMO: Lowest unoccupied molecular orbital

Kinetic electrochemistry, charge transfer
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Kinetic electrochemistry, charge transfer

Although during discharge the charge transfer process is spontaneous, it does 
need to overcome a barrier (step 1 and 2).

Relationship of the current density [A/cm2] with the activation barrier GA, Arrhenius law:

c: concentration [mol/cm3], F: Faradays constant [C/mol] and k: rate constant [cm/s]

AG
RTi zFcke





GA

G
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Outer Helmolz Plane

Oxidation:  M -> M+z + ze- (anodic)

Reduction: M <- M+z + ze- (cathodic)

e-
Mz+

Electrochemical
Double Layer
(EDL)

e-

e- Mz+

M

Mz+

e-
Mz+
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Outer Helmolz Plane

M/Mz+
M

E

Oxidation:  M -> M+z + ze- (anodic)

Reduction: M <- M+z + ze- (cathodic)

e- Mz+

e- Mz+

e- Mz+

g zF     

g0
Ox

g0
Red

M
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Constant p and T

 j j j j
j j

dG Vdp SdT dn dn EdQ       

 
 
 

/

/

/

/

z

z

z

j j M Mz
j

M M MzM

M M MzM

M M MzM

dG dn dQ

G n Q

G n znF

g zF

g zF

 

  

  

  

 















  

     

    

    

    


Integrate over n moles

Difference in chemical potenital is difference 
in Gibbs free energy per mol
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OHP

A

E

g0
Ox

Oxidation:  M -> M+z + ze- (anodic)

Reduction: M <- M+z + ze- (cathodic)

Dynamic equilibrium:

Zero netto current: inetto = iA - iC = 0 
definition exchange current density 
(equilibrium current): i0 = iA = iC 

Red
0

0

g
RT

C O Ci i zFc k e



 

0

0

Oxg
RT

A R Ai i zFc k e
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- +

Situation:

Equilibrium has established at 
open circuit. The difference in 
chemical potential is 
compensated by the field.

Both reduction and oxidation 
occur, in the same rate!

g0
Red

g zF     

M/Mz+
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Question Kinetics 4

What will happen with the barrier for 
reduction, g0

Red, if the over- potential 
 will be applied?
a) g0

Red increases
b) g0

Red decreases
c) g0

Red remains the same
d) No clue

What will be the result?
a) Effective oxidation
b) Effective reduction
c) Nothing
d) No clue
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Question Kinetics 4

What will happen with the barrier for 
reduction, g0

Red, if the over- potential 
 will be applied?
a) g0

Red increases
b) g0

Red decreases
c) g0

Red remains the same
d) No clue

What will be the result?
a) Effective oxidation
b) Effective reduction
c) Nothing
d) No clue
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OHP

M/M2+

A

E

Oxidation:  M -> M+z + ze- (anodic)

Reduction: M <- M+z + ze- (cathodic)

Redg
RT

C O Ci zFc k e





Oxg
RT

A R Ai zFc k e
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- +

Situation:

Polarized state, pumping 
electrons in the negative 
electrode (charging), gred : 
effectively reduction:

The new barriers will be:



gOx

gRed

zF

1 0

C Ai i

0 (1 )Ox Oxg g zF     
Red Red

0g g zF    
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In equilibrium, =0, iC=iA=i0 => iNetoo= iA - iC = 0 
in that condition we define iC=iA=i0 as the exchange current density

What is so important about the exchange current density i0?

Quantitative measure of the amount of electron transfer activity at equilibrium

io large  much simultaneous ox/red electron transfer (ET)  inherently fast ET (kinetics)
io small  little simultaneous ox/red electron transfer (ET)  sluggish ET reaction (kinetics)

Kinetic electrochemistry, charge transfer

Red
0 0

0

Oxg g
RT RT

A C O C R Ai i i zFc k e zFc k e
 

   

Fill in the barriers upon polarization:

RedRed
0

0

gg zF zF
RT RT RT RT

C O C O Ci zFc k e zFc k e e i e
   

   
  

0 (1 ) (1 )

0

OxOx gg zF zF
RT RT RT RT

A R A R Ai zFc k e zFc k e e i e
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So for the netto current density (difference anodic and cathodic current at one electrode):

Kinetic electrochemistry, charge transfer

(1 )

0( )
zF zF

RT RT
netto A Ci i i i i e e

   




 
     

 

This is the fundamental equation of electrode kinetics, relates the current density with the 
exchange current density, the overpotential  and the transfer coefficient.

Remember, we only considered the charge transfer at the electrode-electrolyte interface ()

Butler-Volmer equation
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In practice the two following limiting cases of the Butler-
Volmer equations are most important:

(1) low overpotentials, ||=|Cell-eq|  10 mV

(2) high overpotentials, ||=|Cell-eq| > 50 mV

Case 1:  Low Overpotential

Here we can use a Taylor expansion to represent ex:

Ignoring higher order terms:

so total current density varies linearly with the overpotential  near eq

Kinetic electrochemistry, charge transfer

(1 )

0( )
zF zF

RT RTi i e e
   




 
  

 

1 ...xe x  

0 0
(1 )1 1zF zF zFi i i

RT RT RT
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Case 2:  High Overpotential

what happens as  becomes a large negative value?   =>   iC >> iA
We can neglect iA term as rate of oxidation becomes negligible:

So, current density varies exponentially with , or taking the ln on both sides:

This is the cathodic Tafel equation

Similar, if  becomes a large negative value (iA >> iC ) we find the anodic Tafel equation:

0

zF
RT

Ci i i e
 


 

0ln( ) ln( ) zFi i
RT

 
 

0
(1 )ln( ) ln( ) zFi i

RT
 

 

Kinetic electrochemistry, charge transfer
(1 )

0( )
zF zF

RT RT
A Ci i i i e e
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Tafel Plots: Determine the exchange current density i0 and the transfer coefficient 

 [V]
Eeq

ln|i|Cathodic Anodic

ln(io)

High overpotential:

Low overpotential:

High overpotential:

0ln( ) ln( ) zFi i
RT

 
  0

(1 )ln( ) ln( ) zFi i
RT
 

 

Kinetic electrochemistry, charge transfer

0
zFi i
RT

 


=0



Question kinetics 5

 [V]

ln|i|Cathodic Anodic

=0

A

B

A

B

Which curve represents the most 
sluggish reacting electrode?
a) A
b) B
c) No clue



Question kinetics 5

 [V]

ln|i|Cathodic Anodic

=0

A

B

A

B

A: higher current at the same overpotential => a) curve A more sluggish



Question kinetics 6

 [V]

ln|i|Cathodic Anodic

=0

A

B

A

B

Why do the curves deviate from the Buttler Volmer relation at high overpotential?
a) Buttler-Volmer is not valid
b) No reacting species can be delivered due to the high rate
c) Because of side reactions
d) No clue



Question kinetics 6

 [V]

ln|i|Cathodic Anodic

=0

A

B

A

B

Current doesn’t increase when increasing the overpotential
Electrolyte cannot provide Li-ions, mass transport limited => a) and b) 



Different sources for the 
overpotential/internal resistance

(1) (3)

(4)(2)

1 2 3 4 , 1 2 3 4        Total i Totalr r r r r           
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(1) ionic conduction A+ through the electrolyte
(2) Charge transport over the electrolyte-electrode interface
(3) solid state ionic conduction A or B 
(4) electronic conduction
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EA Li+

Correlation time between jumps:

Diffusion of Li+
Through a lattice:

Relation with diffusion coefficient:

n: number of jump directions
l: jump distance

Charge Transport, Ion transport electrode

Typical D ~ 10-12 cm2/s   (106 smaller than 
in the electrolyte!)

0

AE
kT

Correlation e 

Correlation

nlD




0 0
0

  where 
AE

kT nlD D e D


 

0: attempt frequency, k: Boltzmann constant 

: Activation barrier 

Ionic transport through the electrodes

ps Li-ion jump in TiO2 (rutile)



Different sources for the 
overpotential/internal resistance

(1) (3)

(4)(2)

1 2 3 4 , 1 2 3 4        Total i Totalr r r r r           
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(1) ionic conduction A+ through the electrolyte
(2) Charge transport over the electrolyte-electrode interface
(3) solid state ionic conduction A or B 
(4) electronic conduction
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Charge Transport, Electronic transport
Electronic transport through the electrodes

Materials having vacancies for Li-ions are 
typically semiconductors (no interstitial space 
in metals!), hence poor electronic 
conductors.

F
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Improvement electronic conductivity: Example LiFePO4

Carbon coating nano particles (or coating with another conducting material):

Fe-Map Carbon-Map

50 nm

Charge Transport, Electronic transport

Note: the coating needs to be transparent for Li-ions!
e-

Li+



Discussion Nature paper
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Question 1
The diffusion coefficient of Li-ion diffusion is 1 million times smaller in the 
electrode material (host material) compared to the electrolyte.
What would your solution be achieve faster (dis)charge rates?
a) Make the electrode more porous (more electrolyte, less storage material)
b) Reduce the size of the storage particles
c) Increase the amount of carbon
d) no clue
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Li+

D = 10-12 cm2/sD = 10-6 cm2/s
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Question 1

2d

Diffusion distance:

Diffusion time: 

d Dt
2dt
D



d = 1 m
D = 10-12 cm2/s

d = 43 nm
D = 10-12 cm2/s

t ~ 1 hour 

t = 6 s

Li+



20 March 2013 65

Disadvantages Advantages

Nano particles have low packing density 
(results in low energy density electrode) (-)

Shorter cycle life due to surface reactions
that decompose the electrolyte (-)

Nano particles are less stable resulting in a 
shorter cycle life

Supercapacitive behavior (charge in the double 
layer that can be released very quickly) leading 
to high power

Nano particles can host more strain resulting in 
a longer cycle life

Reactions that are otherwise impossible are 
possible when nano-structured (example: 
reconstitution-displacement reactions)

Nano sizing, pro’s and con’s



Question 2

What charge transport mechanism does the paper claim to be rate 
limiting?
a) Electronic conduction in the electrode
b) Li-ion conduction through the electrolyte
c) Li-ion conduction over the surface of the electrode
d) Li-ion conduction through the electrode
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Question 3

What problems may be encountered charging a battery of an 
electrical car (~50 kWh) in 6 seconds
a) No problem
b) Heating up battery
c) Size of the electrical cables and connectors
d) Both b and c
e) No clue
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50 kWh in 6 seconds
50 kWh ~ 180 MJ
180 MJ in 6 seconds = 30 MW (power of a small power plant)
At 4 Volts the charge that needs to pass is 180/4=45 106 Coulomb
In 6 seconds that leads to a current of 7.5 106 Amperes

=> Huge connectors
=> Large heat production in the battery

Question 3
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Question 4
The voltage curves represent:
a) charging
b) discharging
c) no clue

The meaning of 30C is:
a) (dis)charging in 30 minutes
b) (dis)charging in 2 minutes
c) (dis)charging in 30 seconds
d) (dis)charging in 5 minutes
e) no clue
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Question 4
The voltage curves represent:
a) charging
b) discharging
c) no clue

The meaning of 30C is:
a) (dis)charging in 30 minutes
b) (dis)charging in 2 minutes
c) (dis)charging in 30 seconds
d) (dis)charging in 5 minutes
e) no clue



Lower voltages with higher rates => discharge
Decreasing voltage => discharge
Meaning of 30C: thirty times the full capacity in 1 hour, 
so full capacity in 2 minutes => b) and b)
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Question 5

How will the electrode loading (mg/cm2) will affect the charging 
time?
a) No effect
b) Increase charging time
c) Decrease charging time
d) no clue
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Question 5
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Li+ Li+

Li+ Li+

Li+ Li+

Question 5
Diffusion distance:

Diffusion time: 

d Dt
2dt
D
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Question 6

Assume the charging time increases with increasing electrode loading 
(mg/cm2) (equivalent with increasing electrode thickness). Which charge 
transport step do you conclude could to be rate limiting: 
a) Electronic conduction through the electrode
b) Li-ion conduction through the electrolyte
c) Li-ion conduction over the surface of the electrode
d) Li-ion conduction through the electrode
e) Both a) and d)
f) No clue
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Li+ Li+

Li+ Li+

Li+ Li+

Question 6 Resistance that scales with the electrode thickness:
a) Electronic conduction through the electrode
b) Li-ion conduction through the electrolyte
c) Li-ion conduction over the surface of the electrode
d) Li-ion conduction through the electrode
e) Both a) and d)
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Energy density: amount of active material  

① : Al Foil

② : Positive 
Electrode 

③ : Separator

④ :Negative  
Electrode

⑤ : Cu Foil

~20-25 μm

~10 μm

~10 μm

~300 μm

~100 μm

~100 μm

~25 μm

~20-25 μm

~25 μm

~10 μm

~10 μm

~100 μm

~300 μm

Increasing Energy Density
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Increasing electrode
loading/thickness

Time constant related 
to the (discharge time)

Increasing electronic 
resistance

Increasing ionic 
resistance

Ionic versus electronic conduction of 
the electrode



Question 7

By adding relatively more carbon black faster charging may be the 
result of: 
a) Better electronic conduction in the electrode
b) better Li-ion conduction through the electrode
c) Less storage material (LiFePO4) in the electrode
d) Both a) and c) 
e) No clue
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Question 7
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Li+ Li+ Li+ Li+

Yes: Better electronic conduction in the electrode => a)
But also Less storage material (LiFePO4) in the electrode 
Results in less Li-ion flux required through the electrode => c)
So answer d) both a) and c) 

Note:
Low energy density!



Conclusions

High power density High energy density

Thin electrodes Thick electrodes
Porous electrodes Dense electrodes
Nano structured electrodes Large particles
(low packing density) (large packing density)
“Diluted” electrodes Concentrated electrodes 
(carbon addition) (pure storage material)



Improving the electrode morphology
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Summarize charge transport 
(1a) Ionic transport through electrolyte: No problem

(1b) Ionic transport through the electrolyte in the electrode In practice rate limiting
Requires smart electrode design

(2) Charge transfer from electrolyte to the electrode: Usually not rate limiting in Li-ion 
batteries, it usually is in other 
types of batteries.

(3) Ionic transport through the electrodes: Often Rate limiting, not for small 
particles! 

(4) Electronic transport through the electrodes: Often Rate limiting, can be 
solved with carbon



Program Batteries

Lecture 1: History, Applications, basic Electrochemistry and thermodynamics 
Feb 27 of batteries: Redox reactions, Gibbs free energy, chemical potential, 

Nernst.  

Lecture 2: Solid state electrode reaction mechanisms, phase diagrams, phase rule, 
March 6 Gibbs Free energy, voltage profiles, capacities and energy densities.  

Li-ion batteries

Lecture 3: Continue topics Lecture 2.
March 13 Electrolyte stability: Pourbaix diagram, band structure solids, Cycle life.

Lecture 4: Kinetics, Buttler-Volmer, diffusion, solid state diffusion
March 20 Discussion on Science paper 6 seconds discharge.

Lecture 5: Super capacitors
March 27 Future large energy density systems: Li-air 

Li-sulfur
Batteries for large scale applications: Lead-acid

Li-ion
Flow-cells
Sodium aqueous batteries

Costs and Performance comparison batteries/systems



To do for next week

Read review Li-air and Li-S (BB)

Collect questions for the last battery lecture


